Multiphase brushless direct current (BLDC) motors can meet the increasing demand for higher reliability in motor drives applicable in electric vehicles by integrating fault diagnosis to a faulttolerant (FT) control method. To achieve this goal, a modified FT finite control set model predictive control (FCS-MPC) is proposed in this paper. The dead beat control is used to predict the reference voltage applied by inverter. A sensitivity analysis is done to show effect of model uncertainty on controller performance. In addition, a simple, fast and general open switch and short circuit fault detection (FD) method in voltage source inverter (VSI) is presented. The FD method is capable of detecting open switch, open phase, and short circuit faults without any auxiliary variable. Moreover, it is robust to both speed and load transients in motor drive. To validate the presented theory, experimental results are conducted on a five-phase BLDC motor drive with rotor router in wheel structure.
Introduction
Achieving high reliability is a new trend established in the growing industry of electric vehicles.
Others sectors such as renewable energy are imposing the same trend as well [1] . Redundancy and FT design are two main solutions to gain high reliability. Due to its lower cost and smaller space requirements, a FT design is dominantly accepted for industrial applications such as motor drives. More electric aircraft, renewable energy, and transportation are other application areas for FT drives.
Regarding motor drives applicable in electric and hybrid electric vehicles, multiphase BLDC motors can achieve high reliability due to their FT capability [2] , [3] , [4] .
A multiphase FT converter should be used to supply the motor. The converter is subjected to open switch and short circuit faults. So, a FT converter should be used. It means that a reconfigurable control with an included FD strategy has to be implemented.
Faults and corresponding FD methods in VSIs have been thoroughly investigated in the literature [5] .
The fault types in a VSI can be either open switch faults or short circuit faults. Performance of the motor drive is reduced due to the open switch fault. To maintain the continuous operation of the motor drive, it is necessary to detect and isolate the fault in a short interval of time. On the other side, a short circuit fault should be detected and isolated very fast. Otherwise, the system will shut down. Proposed FD methods in literature mainly study only one type of fault (i.e. either short circuit fault [6] or open switch fault [7] ). Therefore, there is a lack of research on FD methods for both fault types at the same time.
Several FD algorithms have been investigated in literature. However, application area is mainly the three-phase energy conversion systems [8] - [10] . There is lack of knowledge on FD methods in VSI supplying multiphase motor drives.
On the other side, presented methods have addressed either FD methods or FT control methods [11] [12] [13] . Therefore, it is necessary to introduce FT control methods capable of generating fault alarms due to a fault in VSI.
By utilizing powerful digital microprocessors, predictive control methods are gaining more attention for industrial applications in recent years. MPC methods presented in literature can be categorized in two categories: deadbeat control, and FCS-MPC [14] . Regarding deadbeat control method, a machine model is used to calculate the reference voltages, so that motor phase current is able to follow the reference current [15] , [16] . Predictive deadbeat control is used in [17] to implement FT control of a five-phase BLDC machine under healthy and faulty conditions; a sensitivity analysis has been done on the control method. An improved predictive deadbeat control of five-phase BLDC machine has been presented in [18] ; in contrast to presented method in [17] , authors use extended Kalman filter to predict the motor phase currents; robustness to the nonlinearly of the inverter, and non-ideal model parameters are the main advantages of this method. This method has a high computational cost. A deadbeat power control is presented in [19] to improve the steady-state and transient response of PWM rectifier under unbalanced grid conditions. To further improve the controller performance, calculation delay is compensated. A new deadbeat controller based on feedback and feed forward linearization is presented in [20] ; this method has a high dynamic response, at the same time it is robust to parameter uncertainties and disturbances.
Regarding FCS-MPC, using a motor model, the stator current is predicted at the end of next switching vector using all possible switching vectors of the inverter. After that, a cost function is calculated from difference between the reference and predicted current. The switching vector associated with the minimum cost is chosen as the optimal switching vector for next switching step [21] .
Among predictive control methods, FCS-MPC is a simple, flexible, fast method, and robust to parameter uncertainty in comparison to other methods [21] , [22] , [23] .
Another important characteristic of the control and fault diagnosis method in case of a multiphase motor drive is simple reconfiguration. In case of a five-phase BLDC motor, it can be operated with a five-phase, four-phase or three-phase inverter. Consequently, FD and control method should work under each configuration.
To overcome the aforementioned limitations in literature, a simplified version of the conventional FCS-MPC is developed in this paper to control a two-level VSI supplying a five-phase BLDC motor.
This method has the advantage of less computational cost. Furthermore, it can be easily reconfigured in case of a fault in inverter. This is the first contribution of this paper.
On the other side, by taking advantage of signals provided by the control method, a simple and robust open switch and short circuit FD method is developed in this paper. An observer is used to localize the faulty components. This method is cost effective since no extra sensor is necessary to implement the control method. This is the second contribution of this paper.
The rest of this paper is organized as follows. The dynamic model of the motor drive and control method are discussed in section 2. The proposed FD method is presented in section 3. A sensitivity analysis on controller performance is presented in section 4. To validate the theory, experimental results on the FT control algorithm and FD method are shown in section 5. The conclusions of this paper are discussed in section 6.
Fault Tolerant Control of the Five-phase BLDC Motor Drive
The dynamic model of a five-phase BLDC motor is briefly discussed in this section. The system under study is shown in Fig. 1 . As it can be seen, a five-phase BLDC motor is supplied by a five-phase inverter; a TRIAC switch is used in each phase of the motor in order to isolate the faulty phase. It should be noted that there is a voltage drop on TRIAC under all operating conditions of the motor; consequently the maximum available voltage is reduced. This design limit should be considered in design of practical motor drive systems working in field-weakening region.
HERE FIG. 1
The model of a five-phase BLDC motor with trapezoidal back electro motive force (EMF) under healthy mode is as: 
where i j is the phase current, v jx is the phase to neutral voltage of each phase, r j is the phase equivalent resistance, l j is the phase equivalent inductance, m 1 is mutual inductance between two-adjacent phase, m 2 is mutual inductance between two-nonadjacent phase, e j is the back EMF in each phase of the motor where j={a, b, c, d, e}. The back EMF will be estimated as follows: 
where λ m1 and λ m3 are the first and third harmonic amplitudes of the rotor flux linkage; ω e is the electrical rotational velocity, Ɵ is the rotor electrical angle, and n=0,1,2,3,4 represents phase a, b, c, d, e, respectively.
Model of the Motor under Faulty Mode
Under an open phase fault, neutral voltage of the motor floats due to the back EMF in the faulty phase [24] , [25] . So, the same healthy model of the motor in (1) can be used in faulty mode if the induced voltage in healthy phases is considered. This voltage is shown by v n in this paper and its value is calculated similarly to [25] .
Under faulty condition, the row and column related to the faulty phase can be removed from (1) . The machine model under one faulty phase A is therefore modified as: 
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The nominal model of the motor without considering disturbance and parameter uncertainties can be rewritten from (1) as:
where A=-R/L, and B=1/L, R and L are resistance and inductance matrixes of the machine, respectively.
Fault-Tolerant FCS-MPC of a Five-Phase PM Motor
In this section, the theory of the control method is explained. The control method (i.e. FCS-MPC) of the VSI can be done in two different ways. According to the first method, the phase currents of the motor are predicted using the motor model and previous switching command for all possible space vectors in the VSI. The BLDC motor in system under study is supplied by a five phase, four-phase, and three-phase inverter under healthy, one faulty phase, and two-faulty phase mode, respectively. Control method should be reconfigured under each operating mode. The number of current predictions is equal to 32 in case of a five-phase inverter, equal to 16 in case of a four-phase inverter and equal to 8 in case of a three-phase inverter. The theory in case of the four-phase inverter has been presented in [26] .
According to this method, a cost function is defined as the difference between the predicted current and the reference current. The switching vector that produces the minimum cost is chosen as the optimal switching vector and applied to the inverter during the next switching sample. This method is simple and effective; however, its computational cost is high.
To reduce number of calculations in the conventional FCS-MPC, a simplified of FCS-MPC has been presented in [27] , and [28] , recently. According to this method, in the first step, the equivalent reference voltage to maintain the reference current by the inverter is predicted. After that, the closest switching vector to the reference voltage is chosen and applied to the inverter during the next sampling time. This method is chosen for this paper; it is applied to a two-level five-phase inverter supplying a BLDC motor. Theory of the control method is explained in the following.
Similar to the deadbeat control algorithm, the motor model is used to predict the reference voltages.
The necessary voltage to track the reference current (i.e. x*) at the next switching period can be calculated in discrete form as:
where T samp is the switching period.
Similar to [29] , a fourth-order Lagrange extrapolation is used to predict the reference current at time k+1 as:
In practice, performance of the predictive controller is affected by delay due to calculation in the digital signal processor, gate drivers, and non-ideal switches [20] , [27] . Delay due to computational time is the most important parameter [20] . This delay can be compensated by calculating the reference voltage so that the current at the end of next sampling period (i.e. i(k+2)) is equal to the reference current. Therefore, it is possible to do computations during the current sampling period without affecting the controller performance.
In order to compensate the delay, in the first step, the phase current of the motor at the end of the current switching step is predicted from (5) as:
In the second step, the reference voltage is calculated as: (9) Similar to (7) , the reference current at time k+2 is predicted as:
The calculated reference voltages in (9) are transferred to the stationary reference frame as: 
where T is the Fortescue transformation.
In the next step, the closest switching vector to the reference vector among the possible vectors of a five-phase inverter (i.e. 32 possible vectors) is determined. This vector is applied during the next switching period. To achieve this goal, the cost function for each switching vector is calculated as:
This method requires heavy computation. To overcome this problem, four of the closest switching vectors to the reference vector can be found. Therefore, the cost function calculation can be reduced to 4 non-zero vectors plus two zero vectors in case of a five-phase inverter.
The proposed strategy in [30] is used in this paper to find the closest switching vectors to the reference vector. In the first step, the elements of reference voltage v ref are sorted in a descending order using permutation matrix P. In the second step, displaced switching vectors v dj are obtained by multiplying P T and upper triangular matrix D as shown in (13) .
where P T is the transpose matrix of P.
In the second step, the cost function in (12) is calculated for six vectors in (13) . Finally, the switching vector with the minimum cost function is chosen and applied during the next switching period.
Under faulty mode, inverter is reconfigured to a four-phase in case of one faulty phase and a threephase inverter in case of two-faulty phase mode. The principal of control method is similar to the fivephase inverter. However, the motor model and switching vectors are adapted according to the inverter topology.
Fault Diagnostic Method
In order to diagnose a fault in an inverter, a simple FD method is presented in this paper. The cost function value in (12) is increased significantly in case of a fault in inverter. This advantage is used to generate a fault alarm as:
where Th is a threshold value to distinguish the healthy mode from the faulty mode.
To determine the threshold value under healthy condition, the switching vectors of a five-phase inverter are shown in Fig. 2 . As it can be seen, the α-β plane is divided to three parts including A, B, and C. At each part, the closest vector to the reference vector is chosen and applied to the inverter during the next switching period. The maximum distance between the reference vector and the closest switching vector is shown in points A, and B at α-β and x-y planes. If the closest vector is considered (1101) and reference vector is at point A, the cost function in (12) is equal to 0.081×V dc . This value is the highest theoretical difference between the reference vector and the closest cost function. It should be noted that under the healthy operation of the machine, the reference vector in x-y plane is negligible in comparison to α-β plane. As a result, the threshold value in (14) should be chosen higher than 0.081×V dc to avoid false alarms.
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If the cost function is higher than the threshold value, a fault alarm is generated. After that, an observer is used to localize the faulty component. The FD method is cost effective, since no extra hardware is used to localize the faulty switch.
In order to localize to faulty switch, a simple proportional-integral observer is designed in this paper to predict the phase currents of the motor. Inputs of the observer are the output voltages of the control method. If the mutual inductances in (1) are considered negligible, the observer is designed as:
). 
where δ is the error between estimated and real current, and F is a nonlinear proportional-integrator function in discrete form as follows:
where K p and K i are the proportional and integral coefficients, respectively and T s is the sampling period.
The output of F function is called the residue value as follows:
The residue value calculated in (17) is used to localize the faulty leg as follows:
According to (18) , the faulty phase has the highest s value among others. Then faulty switch in the faulty leg can be determined from the sign of s as follows:
In case of a short circuit fault, the faulty components are localized as:
From (19) and (20), the faulty component can be localized according to table I.
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Under an open phase fault, the faulty phase current is reduced to zero whereas in case of the short circuit fault, the phase current is different than zero. This advantage can be used to distinguish the open switch from the short circuit fault.
In case of a shoot through in one leg of the inverter, the whole system may shutdown. The main concern under this condition is to detect and isolate the faulty leg. It should be noted that modern gate drives are able to detect this fault. Therefore, the feedback from the gate driver can be sent to the proposed FT control algorithm to isolate the faulty leg and maintain continuous operation of the motor.
It should be noted that there are conditions where the semiconductors are neither open nor short circuit. If the phase current under this mode is zero while the reference current is none zero, this can lead to a false alarm. The proposed FD method identifies this case as an open switch fault. To avoid false alarm, additional hardware based methods can be used to effectively manage this condition.
The isolation method of a faulty phase is another important design criterion in a FT system. After the open phase fault, the gate signal of the faulty leg is removed and phase current can be disconnected by a static switch such as a TRIAC. In case of the short circuit fault, the phase current is no longer near zero after the fault. Therefore, the isolation method is more complicated. Under this condition, at the first step, the gate signal of all healthy phases is removed. When current value in the faulty phase is reduced to zero, the TRIAC switch is turned off to isolate the faulty phase. In the next step, the drive setup can be reconfigured and initiated according to the new configuration of the inverter.
The fault-tolerant control (FTC) algorithm of the five-phase BLDC motor drive and the FD block diagram are shown in Fig. 3 . As it can be seen, a fault code (i.e. FC) is generated by the FD block. After that, the control algorithm is reconfigured according to this code.
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Sensitivity Analysis
According to the proposed control method, the machine model in (1) is used to predict the reference voltage similar to the predictive deadbeat control method. Therefore, the performance of the FCS-MPC is affected by parameter uncertainties. This issue is analyzed in detail in the following.
The behavior of the control method can be affected in different ways. The inaccurate value of dc-link voltage, nonlinear behavior of the switch (i.e. voltage drop on switch and switching dead time), and inaccuracy in parameters of the motor model are the most important ones among others. Each case is briefly discussed here.
The error in dc-link voltage measurement, the error due to non-linear inverter caused by switching dead time and voltage drop on switches, and error in the estimated back EMF can be modelled as:
where Δu(k) is the modelled voltage error and u(k) nom is the ideal input. Since after, all ideal variables are shown with lower case x nom .
Similarly, error in the stator phase resistance and self-inductance can be modelled as:
where ΔA and ΔB are the error in phase resistance, and self-inductance, respectively.
The current prediction is rewritten in presence of the uncertain parameters by replacing (21)-(23) in (8) as follows:
By replacing (24)- (26) in (9), the equivalent voltage control under non-ideal condition is calculated as follows:
Equivalent voltages in (27)-(29) can be further simplified as:
As it can be seen in (30)-(32), the non-ideal voltage value can be decreased by reducing the sampling period. On the other hand, higher absolute value of the parameters and dc-link voltage error can cause higher error. According to (31), if the error value in the phase self-inductance is equal to 100 % of the real value, the controller becomes unstable.
In the following section, simulations are conducted to study the effects of the uncertainty on controller performance. To study the effect of parameter uncertainty, several tests are considered according to table II. For each case, the energy of the error is calculated as follows:
The motor parameters in simulation model are according to table III. The dc-link voltage of inverter is 24 V, switching frequency is 20 kHz, and motor speed is set at 50 rpm.
Under each operating mode, the phase current in per-unit, derivative of the phase current normalized with respect to the healthy phase, and the energy of the error are calculated. The final results are shown in Fig. 4 under normal, one-faulty phase, two-adjacent faulty phase, and two-non-adjacent faulty phase mode. According to Fig. 4 , inverter non-linear parameters can result in a high error. The inverter nonlinearity causes the highest error. Result under two-faulty phase condition are shown in Figs. 4(c) and 4(d). As it can be seen, the over estimation of the self-inductance has a higher impact on accuracy of control method. From Fig. 4 , the energy of the error under faulty mode in most cases is higher than the normal mode operation. Furthermore, the symmetrical waveforms and slower dynamics are the main reasons for lower error under normal mode operation. 
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Experimental Results
In order to validate the developed theory, experimental results are provided on a laboratory setup as shown in Fig. 5 . The setup has been designed to study traction motor drives applicable in the electric vehicles.
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A five-phase BLDC motor with an outer rotor in wheel structure is coupled to a three-phase PMSM drive as load motor. The load motor is supplied with a Siemens commercial drive. The parameters of the five-phase motor are given in Table III . This motor is supplied with a two-level five-phase inverter; the DC-link voltage is 24 V. The IGBT SKM75GB12T4 model is used in inverter. The Skyper32 gate drivers from Semikron are used to control IGBT switches. Short circuit protection is done by sensing the Collector-Emitter voltage when IGBT is on. Also, the gate driver can be set so that it never allows the second IGBT in the same leg is turned on while other switch is still on. This protection mechanism is so effective to avoid shoot through. In addition, a feedback signal is generated by the gate driver after short circuit FD. Therefore, the FT controller can isolate the faulty leg and reconfigure the whole drive after receiving the fault feedback from gate driver IC.
The phase currents are measured by Hall-Effect sensors. The measured currents are sent to a dSPACE control board, model ds1005. The sampling frequency is 5 kHz.
The control algorithm is implemented in dSPACE according to the field oriented control strategy as shown in Fig. 3 . In this paper, the focus is on the inner control loop. The optimized reference currents of the motor under healthy and faulty conditions have been extensively studied in literature. The calculated currents in [14] are used in this paper as the optimal reference currents. The FCS-MPC should track these currents under each operational mode of the motor.
The experimental results are shown in two sections. In the first part, different fault types and operating scenarios are studied. In the second step, the continuous operation of the motor drive in presence of a fault is demonstrated.
Experimental Results of Fault Detection
In this first part, the robustness of the FD method to the load transients is evaluated. Two load step changes equal to 50 % are forced on the motor phase currents. Experimental waveforms of the phase currents and the cost function are shown in Fig. 6(a) . As it can be seen, the proposed FD method is robust to the load transients.
A high performance FD method should be robust to the common operational modes in an electric vehicle such as acceleration, deceleration, and reverse operating mode. Therefore, each one of these modes was applied to the setup. Waveforms for each case are shown in Figs. 6(c)-6(d). As it can be seen, the proposed method is robust to these conditions.
HERE FIG. 6
In the third step, different open circuit fault types are forced on the inverter by removing the gate signal of the IGBT. A single switch fault is forced in phase A. Experimental waveforms of the residue value in phases A, B, C, and the cost function are shown in Fig. 7(a) . As it can be seen, the value of the cost function is increased after the fault; the phase A has the highest residue value. Moreover, the current in phase A, cost function, threshold value and fault signal are shown in Fig. 7 and 7(f), respectively. It can be seen from the results that the proposed FD method is able to detect the fault under faulty mode as well.
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In the fourth part, short circuit FD is studied. An upper switch in phase B is short circuited. The motor terminal at phase B is permanently connected to positive rail of DC-link voltage. Experimental waveforms of the phase currents and the cost function are shown in Fig. 8 at the left side. As it can be seen, after the fault is applied, the phase B current is always positive with a high DC value. The residue value in phases A, B, C and fault signal in phase B are also shown in the right side of Fig. 8 . As it can be seen, the residue value in phase B has the highest value after the fault. Its sign is negative as well.
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In order to validate the robustness of the control algorithm to parameter uncertainty, a case study is considered. In the first step, the control method of the motor is set with nominal parameter of the model.
After that, the phase resistance is reduced by 50 % and the phase inductance is increased by 50 %.
Experimental results of this case study are shown in Fig. 9 . As it can be seen, the current waveforms are similar under both ideal and non-ideal parameters. So, the developed control method is robust to parameter uncertainty. . 9 
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Experimental Results of Fault-Tolerant Control
The presented FT and FD method are able to maintain the continuous operation of the drive under faulty mode.
In this section, two faults are forced in phases A and B of the inverter. In the first step, an open switch fault is introduced in phase A. After few cycles, a new fault is forced in phase B. The experimental results of this case are shown in Fig. 10 . The healthy current waveforms and the cost function are shown at the top of Fig. 10(a) . As it can be seen, after the fault is applied, the cost function value is increased significantly. Following FD, the faulty phase is isolated. At the same time, the control method is reconfigured in one faulty phase mode and two-adjacent faulty phase mode, respectively.
The current waveforms of phases A and B, the cost function, and the operating code are shown at the Fig. 10(a) . As it is shown, the fault is detected during less than half of one cycle.
Finally, the performance of the control method in case of the short circuit fault is studied. For this purpose, an upper switch fault is forced in phase A of the inverter. The current waveforms and the cost function in this case are shown at top side of Fig. 10(a) . As it can be seen, after FD, the faulty phase is isolated; then, the control method is reconfigured according to the new configuration of the inverter.
The residue values and fault signal are shown at the bottom of Fig. 10(b) . According to these results, the short circuit fault can be effectively detected and isolated using the proposed FD method.
According to experimental results of the FT control shown in this section, it is possible to maintain the continuous operation of the traction motor drive using the proposed FD and FT control method.
HERE FIG. 10
Conclusions
A simplified version of the conventional FCS-MPC is presented in this paper. The control method can be used to maintain the continuous operation of a five-phase BLDC motor under healthy, one faulty phase and two-faulty phase modes. According to the presented analysis, the calculations are significantly reduced while performance similar to the conventional control method is achieved.
A new observer based open transistor and short circuit FD method is presented in this paper as well.
This method is simple since extra sensors are not necessary to implement the FD method. Also, it is robust to false alarms in common operational modes of an electric vehicle such as speed transients, load transients, acceleration, and reverse operating mode.  Effect of parameters uncertainty on controller performance has been analysed.
Tables
 Theory has been validated with experimental results.
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